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Polymeric nanoparticles (NPs) are traditionally formulated using batch methodologies that are poorly scal-
able and require time consuming, hands-on purification procedures. Here, we prepared poly(lactic acid)
(PLA)-based polymeric NPs using a scalable microfluidics-based method and systematically investigated
the impact of purification method (centrifugation versus tangential flow filtration (TFF)) to remove poly
(vinyl alcohol) (PVA) on macrophage uptake, anti-inflammatory effects, biodistribution, and protein corona
formation. TFF purification demonstrated significantly higher recovery of NPs compared to the centrifu-
gation method, with little-to-no aggregation observed. PVA removal efficiency was superior with centrifu-
gation, although TFF was comparable. NP cellular association, in vitro anti-infammatory activity, and
in vivo biodistribution studies suggested purification method-dependent alterations, which were correlated
with protein corona profiles. This study underscores the potential of TFF, combined with microfluidics, as
an efficient and high-yield purification method for NPs, and reveals the need for extensive confirmation of

rsc.li/RSCPharma

Introduction

Nanoparticles (NPs) are a versatile class of materials that offer
numerous advantages over traditional delivery systems. NPs
stand out as adaptable drug delivery systems featuring advan-
tageous characteristics such as extended circulation times,
improved cellular uptake, reduced drug toxicity, and controlled
release of cargo."” Their recent surge in research interest
stems from their versatility across diverse fields, with appli-
cations ranging from cancer treatment®> and vaccines,®® to
combating infectious diseases.'®> Notably, recent Food and
Drug Administration (FDA) data indicates that, since 2016,
several NP-based therapies (inorganic, polymeric, liposomal,
and lipid-based) have been approved, underscoring the
growing importance of NP-based formulations."*'* Among
these, polymeric NPs offer versatility and ease of design,
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NP biological activity alongside physicochemical properties when developing NP therapeutics at-scale.

making them suitable for applications such as vaccine deliv-
ery, antibiotic treatments, and cancer therapy.'®'® However,
despite these promising attributes, a significant challenge
remains. Non-scalable production and purification methods
hinder the practical implementation of these promising
NP technologies."”*® Additionally, employing purification
methods that do not alter the NP physicochemical properties
and subsequent therapeutic efficacy is critical. Addressing
these challenges is fundamental to fully harness the potential
of NPs in complex healthcare issues and push the boundaries
of medical science.

Two polymers that have been extensively used in NP formu-
lations are poly(lactic acid) (PLA) and poly(lactic-co-glycolic
acid) (PLGA) due to their biocompatibility and FDA Generally
Recognized as Safe (GRAS) status. Several groups, including
our own, have utilized these polymers for the preparation of
NPs.'®! Notably, our group has shown that PLGA and PLA
NPs display inherently anti-inflammatory and immunomodu-
latory properties capable of treating severe inflammatory
conditions.’®?*® Polymeric NPs such as these can be pre-
pared by desolvation, dialysis, ionic gelation, nanoprecipita-
tion, solvent evaporation, salting out, spray drying, and super-
critical fluid, but most commonly by oil-in-water (o/w) single
emulsion solvent evaporation or nanoprecipitation.'*?¢>% The
advantage of solvent evaporation over the other techniques is

RSC Pharm., 2025, 2,135-146 | 135


http://rsc.li/RSCPharma
http://orcid.org/0000-0002-5885-1006
http://orcid.org/0009-0007-5901-8191
http://orcid.org/0009-0002-4986-2632
http://orcid.org/0000-0002-7857-0973
http://crossmark.crossref.org/dialog/?doi=10.1039/d4pm00233d&domain=pdf&date_stamp=2025-01-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4pm00233d
https://pubs.rsc.org/en/journals/journal/PM
https://pubs.rsc.org/en/journals/journal/PM?issueid=PM002001

Open Access Article. Published on 26 November 2024. Downloaded on 10/31/2025 11:56:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

that it utilizes ambient temperature and constant stirring.
However, it is limited by higher NP polydispersity, larger par-
ticle sizes, batch-to-batch variations, low product recovery, and
instability.’”?° These limitations can be addressed with
alternative formulation methods to ensure reproducibility and
scalable manufacturing. Microfluidic nanoprecipitation has
emerged as a promising scaling-up method through its
enhanced batch-to-batch reproducibility and reagent savings
by enhanced loading and scalable formulation volumes.'”
Microfluidic methods have been utilized for the reproducible
synthesis of several types of NPs because of its precise control
of flow parameters, controlled physical properties, particle size
tunability, and scale-up potential.>****7*! In the present study,
microfluidics were employed as a scalable and reproducible
synthesis method in conjunction with evaluating different NP
purification strategies.

Based on the preparation method, impurities (e.g. solvents,
surfactants, etc.) from NP formulation could be present in the
final NP suspension that can alter the physicochemical charac-
teristics of NPs and subsequent biological interactions.** For
these reasons, NPs are purified to maintain the quality and
characteristics of the final NPs. Typically, centrifugation is
used to pellet NPs and remove excess surfactant, however this
method results in significant NP aggregation and reduced
recovery.”**> Furthermore, NP aggregation is associated with
reduced blood circulation times and increased reticuloen-
dothelial system (RES) clearance in vivo.>® Although centrifu-
gation results in efficient surfactant removal, it is not feasible
at a larger scale due to these limitations. Our goal was to
develop a purification method to ensure optimal surfactant
removal, improve NP recovery, and maintain nano-bio inter-
actions compared to classical centrifugation. To avoid issues
with the recovery of the NPs, tangential flow filtration (TFF)
was investigated and optimized to remove the maximal
amount of poly(vinyl alcohol) (PVA) surfactant from NP formu-
lations. In the present study, we evaluated different TFF filters
(300 kD and 750 kD) for the purification of microfluidics-gen-
erated PLA NPs. The physicochemical properties and stability
of NPs before and after purification were compared to conven-
tional centrifugation. Additionally, in vitro cellular association,
in vivo organ distribution, and protein corona formation was
evaluated. TFF proved to be an efficient purification technique
that resulted in higher recovery and reduced NP aggregation as
compared to centrifugation. However, the biological responses
of TFF-purified NPs differed from those of centrifugation-puri-
fied NPs, highlighting the need for thorough validation of
both biological activity and physicochemical properties when
developing NP therapeutics at scale.

Materials and methods
Materials

The materials/chemicals used for the preparation of NPs by
microfluidics were poly(lactic acid) (PLA) (approximate MW
11.3 kDa) with viscosity around 0.21 dL g~* (lot number #1613-
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94) purchased from Lactel Absorbable Polymers (Birmingham,
AL). Acetone, boric acid, iodine, potassium iodide, RPMI 1640,
and poly(vinyl alcohol) (PVA) (MW 30000-70000, cat. no.
P8136) were obtained from MilliporeSigma (St Louis, MO,
USA). The following devices and materials were used for the
purification of NPs by TFF [Minimate™ EVO Tangential Flow
Filtration System (Pall Corporation, Port Washington,
New York, USA)], Masterflex peristaltic pump (Cole Parmer
Instrument Co., Vernon Hills, IL, USA), 300 kD and 750 kD
MWCO membrane (MicroKros Hollow Fiber Filters, Spectrum
Labs, Repligen, USA). Lipopolysaccharide (LPS) from
Escherichia coli stereotype O111:B4, p-mannitol, sucrose, b-
(+)-trehalose dihydrate were purchased from Sigma-Aldrich
(St Louis, MO). Female C57BL/6 mice (5-6 weeks old) were pur-
chased from University of Maryland Vet Resources (Baltimore,
MD). Pooled healthy human plasma was gifted by Dr Maureen
Kane at University of Maryland, Baltimore (Baltimore, MD).

Preparation of nanoparticles by microfluidics

The PLA-PVA NPs were prepared by nanoprecipitation using a
microfluidic system (Dolomite, Royston, UK) and performed as
described previously (Fig. 1a).>* The surfactant (0.1% PVA),
polymer (1% PLA dissolved in acetone), and acetone were all
filtered using a 0.2 pm filter to remove potential undissolved
particulates that may clog the microfluidics tubing or chip
prior to adding to the microfluidic system. The organic solu-
tions were further degassed in a sonication bath. For nanopre-
cipitation, PLA and PVA flow rates were set at 1000 pL min™" to
generate a flow rate ratio (FRR) of 1. FRR was defined as the
flow rate of the surfactant solution/flow rate of the polymer
solution. Laminar flow at the microfluidic chip junction was
continuously monitored using a Meros digital microscope to
ensure stable nanoprecipitation of particles. Varying NP batch
sizes were prepared (50 mg or 100 mg), collected into a beaker
with constant magnetic stirring, and left overnight to allow for
acetone evaporation. On the next day, the NPs were filtered
using a 40 pm cell strainer and characterized for their physico-
chemical properties such as size, polydispersity index (PDI),
and zeta potential using a Malvern Zetasizer as described.*
Fluorophore-labeled NPs (Cy5.5) were prepared by incorporat-
ing 0.5% w/v of a polymer-Cy5.5 conjugate into particles as
described previously.

Washing of PLA-PVA NPs by centrifugation

Washing of PLA-PVA particles was performed by centrifu-
gation. Briefly, NP suspensions were passed through a 40 pm
cell strainer and chilled on ice for 15 minutes. The NPs were
then centrifuged at 13 000g for 20 minutes at 4 °C and washed
with autoclaved water. The centrifugation and washing steps
were repeated thrice more. After the last wash, the NPs were fil-
tered using a 40 um cell strainer again. The size, polydispersity
index, and zeta potential of the NPs were measured as
described below. The NPs were lyophilized using cryoprotec-
tant (4% sucrose, 3% mannitol solution). These NPs were then
frozen at —80 °C before lyophilization using a Freezone 4.5 L

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the nanoparticle synthesis and purification. (a) Formulation of PLA-PVA nanoparticles using a flow focusing
microfluidic device. (b) Schematic of the hollow fiber tangential flow filtration (TFF) system utilized for the purification of nanoparticles, shown
under diafiltration. Figures were made using BioRender (https://www.biorender.com/).

—50 °C Complete Freeze Dryer System (Labconco, MO, USA)
for two days.

Purification of NPs to remove the surfactant by tangential flow
filtration

The TFF system was set up as shown in Fig. 1b. Tangential
Flow Filtration (TFF) was evaluated for the purification of NPs
(Minimate™ EVO Tangential Flow Filtration System, Pall
Corporation, Port Washington, New York). The pump used was
Masterflex Easy-Load at a flow of 40 mL min "
Transmembrane pressure was maintained between 10 and
20 psi using a tubing clamp. The prepared PLA-PVA NPs were
poured into the reservoir/retentate capsule and diluted to a
concentration of 0.5 mg mL ™' NPs with autoclaved water. 300
kD and 750 kD MWCO filters (MicroKros Hollow Fiber Filters,
Spectrum Labs, Repligen, USA) with 20 cm? surface area were
used. The first mode used for the purification of the NPs was
diafiltration. The feed reservoir was diluted with autoclaved
water to maintain a constant volume. NPs were circulated
through the TFF system using a peristaltic pump to allow
removal of PVA. The NPs in the reservoir were dispersed with
the help of a magnetic stirrer during the whole purification
process. The system was run for 120 minutes and samples
were collected at several time points from both the retentate
and the filtrate (0, 20, 40, 60, 80, 100, and 120 min). While pur-
ifying fluorophore-labeled NPs, the system was covered with
aluminum foil to avoid contact with light.

After diafiltration for 120 minutes, NP suspensions were
concentrated by removing the water supplementation reservoir
to prevent the replacement of removed solution. Once the

© 2025 The Author(s). Published by the Royal Society of Chemistry

volume dropped to less than 10 mL, NPs were recovered by
redirecting the flow and flushing the system with an additional
10 mL of autoclaved water. The NPs after purification were
evaluated for size, polydispersity index, and zeta potential. The
purified NPs were also evaluated for their PVA content and lyo-
philized in 4% sucrose, 3% mannitol solution for later storage.
Cleaning of the system was done using 200 mL 0.5 N NaOH
followed by 500 mL of autoclaved water.

PVA quantification

The PVA content was determined using a colorimetric
method.** The purified NPs obtained from the retentate were
centrifuged at 13 000g for 5 minutes and 500 pL of supernatant
was mixed with 300 pL of boric acid, 150 pL of water, and
50 pL of iodine-potassium iodide solution (0.05 M 1,/0.15 M
KI). A green color was formed between PVA and iodine in the
presence of boric acid. The samples were incubated for one
hour and higher PVA content was indicated by a darker color.
Sample absorbance was measured in triplicate using a
SpectraMax iD3 microplate reader at 690 nm and compared to
a PVA standard curve. To quantify the amount of PVA in the fil-
trates, 500 pL of the filtrate was mixed in the same way as
retentates, and the 690 nm absorbance was measured. NPs
before and after purification were also analyzed for their PVA
content.

Physicochemical characterization using dynamic light
scattering (DLS)

The Z-average size, polydispersity index (PDI), and zeta poten-
tial of the NPs were measured using a Malvern Zetasizer Nano
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ZSP (Malvern Panalytical; Cambridge, MA) as previously
described.>* The NPs were dispersed in MilliQ water (pH 6)
and particle measurements were performed at 23 °C at a scat-
tering angle of 173°. For NPs post-lyophilization, lyophilized
samples were reconstituted using MilliQ water, centrifuged at
13 000g for 5 minutes, the supernatant containing cryoprotec-
tant was discarded, and the NP pellet was resuspended in
MilliQ water for physicochemical characterization. All physico-
chemical properties were performed in triplicate with mean
and standard deviation represented.

Scanning electron microscopy (SEM)

The surface characteristics of NPs were studied using an FEI
Quanta 200 (FEI, Hillsboro, OR). For these measurements, lyo-
philized NPs were adhered to an aluminum stub and sputter-
coated with platinum and palladium at 20 mA for 20 s. Coated
samples were loaded into the SEM instrument at a working
distance of 9.5 mm and images were captured using a voltage
of 15 kv.

Animal studies

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals
of the University of Maryland, Baltimore and approved
by the University of Maryland, Baltimore Institutional
Animal Care and Use Committee (IACUC). Mice were housed
under specific pathogen-free conditions in a facility
managed by the University of Maryland, Baltimore Veterinary
Resources.

BMDM differentiation

Bone marrow-derived macrophages (BMDMs) were isolated
from the tibias and femurs of 5-7 weeks-old female C57BL/
6 mice following previously published methods.* Briefly, com-
plete RPMI 1640 media was prepared containing penicillin
(100 units per mL), streptomycin (100 pg mL™"), 10% heat-
inactivated fetal bovine serum (VWR, Radnor, PA), and 20%
L929 cell conditioned medium (containing M-CSF) to induce
BMDM differentiation. BMDMs were allowed to differentiate
for 8 days, with cell conditioned media changes on days 3
and 6.

Flow cytometry and inflammatory cytokine evaluation

BMDMs isolated from female C57BL/6 mice were seeded at
100 000 cells per well in a 24-well plate and treated with 10 pg
mL™" of Cy5.5-labeled NP samples. After NP treatment for
3 hours, 8 hours, or 24 hours, cells were washed with 1x PBS
and lifted with Versene solution. Lifted cells were incubated
with anti-CD16/32 antibody for FcR blocking before staining
with anti-mouse CD11b-Pacific Blue (cat no. 101224, Clone
M1/70, Biolegend) and F4/80-PE/Cyanine7 (cat no. 123114,
Clone BMS, Biolegend). Cell viability was determined using
Live/Dead Fixable Green from Biolegend. The stained cells
were measured on a Cytek Aurora flow cytometer (Fremont,
CA) and analyzed using FCS Express 7 De Novo Software
(Glendale, CA).
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Evaluation of cytokine production was performed as pre-
viously described.>® Briefly, BMDMs isolated from female
C57BL/6 mice were seeded at 100 000 cells per well in a sterile
24-well plate. Cells were treated with 300 pg mL™" of the
different NP formulations for 3 hours at 37 °C and 5% CO,.
Afterwards, cells were washed using 1x PBS to remove excess
NPs, and LPS was introduced at 100 ng mL™" in fresh L929-
supplemented media. Cell culture supernatants were col-
lected after 48 hours and analyzed using an enzyme-linked
immunosorbent assay (ELISA) (Biolegend, San Diego, CA) to
measure interleukin-6 (IL-6) following the manufacturer’s
protocols.

Nanoparticle biodistribution study

Cy5.5-labeled PLA-PVA NPs were injected intravenously
through the tail vein at 2 mg per female C57BL/6] mouse (6-8
weeks) (n = 3 per condition). Mice were then sacrificed after
3 hours; organs and plasmas were isolated for Xenogen in vivo
imaging system (IVIS) analysis of organ distribution. Total
radiant efficiency was calculated for all organs on a per-mouse
basis and used to calculate the percent of NP amount in each
organ.

Protein corona evaluation

NPs suspended in 1x PBS at a concentration of 20 mg mL™"
were combined with 100% whole healthy human plasma at
equal volumes, resulting in a final plasma concentration of
50%.>%*” Samples were allowed to incubate at 37 °C for 1 hour
under slight agitation. After incubation, ice cold 1x PBS was
added to preserve NP coronas, and unbound material was sep-
arated through centrifugation at 13 000g, 4 °C, for 30 minutes.
Pelleted NPs were then washed three times through successive
resuspension and centrifugation in ice cold PBS. Corona pro-
teins were eluted from the final NP corona pellet by adding
Laemmli buffer (0.277 M Tris-HCl, 44.4% Glycerol, 4.4% LDS,
2-mercaptoethanol, 0.02% bromophenol blue) and heating
samples to 95 °C for 5 minutes. Denatured proteins were sep-
arated from NPs through centrifugation, and corona proteins
were run through a 4%-15% gradient SDS-PAGE gel. Gels
included a molecular weight protein ladder standard (product
no. 1610394) from Bio-Rad (Hercules, CA). Thereafter, PAGE
gels were stained with Coomassie and destained following
manufacturer guidelines. Gels were imaged on ThermoFisher
iBright imaging system and processed using Image] Version
1.54 h. Protein loading amounts were normalized to 0.5 mg of
NPs per well.

Statistical analysis

All the statistical analyses were performed using Prism 9
(GraphPad, San Diego, CA). Results are reported with mean
and standard deviation (SD). Significant differences between
multiple groups were determined by one-way or two-way
ANOVA with Tukey post hoc test. In all cases, p < 0.05 was con-
sidered to be statistically significant.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results
Microfluidic formulation of PLA-PVA NPs

NPs were formulated using microfluidics with a FRR of 1, PLA
concentration of 1% w/v in acetone (10 mg mL "), and PVA sur-
factant concentration of 0.1% in water (1 mg mL™") (Fig. 1a).
Based on our previous studies, microfluidic parameters were
adjusted to formulate 200 nm NPs, with low PDI (<0.2), and
negative zeta potential due to the carboxylic acid-terminated
PLA polymer.>* Two different batch sizes (50 and 100 mg) were
prepared that only varied by the time that the system was run.
NP purification was then performed either using centrifu-
gation or TFF to remove excess surfactant (Fig. 1b). Larger
batch sizes were attempted for purification, but resulted in sig-
nificant TFF filter clogging and would likely require a larger
filter surface area cassette than currently used. Washing
through centrifugation significantly increased the particle size
and polydispersity index (PDI) indicative of NP aggregation as
measured by dynamic light scattering (DLS) (Fig. 2a and b);
however, purification of the NPs by TFF using either 300 kD or
700 kD MWCO filters showed a consistent size and polydisper-
sity index following purification, with a minor increase in PDI
for the 750 kD 50 mg batch. For all batches purified, the zeta
potential post-wash was unchanged compared to the pre-wash
(Fig. 2c). Nanoparticle tracking analysis (NTA) recapitulated
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the increased mean size and standard deviation (SD) of centri-
fuged NPs (Fig. 2d), while also displaying a more homo-
geneous size distribution profile for the TFF-purified NPs
(Fig. 2e and f). Scanning electron microscopy (SEM) imaging
of these NPs indicated similar spherical morphologies
between the formulations, with TFF purified NPs showing
more homogeneous size distributions (Fig. 2g).

Quantification of surfactant removal from purified NPs

Two methods were followed for the purification of the pre-
pared NPs. One was washing of the NPs by centrifugation, and
the other was by diafiltration through TFF. Two filters were
evaluated for the TFF system, namely 300 kD and 750 kD
MWCO. The transmembrane pressure for the system was
maintained between 10-20 psi. These filters demonstrated log-
arithmic PVA removal over the course of 120 minutes under
TFF diafiltration. Interestingly, both filters showed similar PVA
removal trends, with the 750 kD filter demonstrating margin-
ally faster PVA removal, reaching approximately 90% removal
after 100 minutes (Fig. 3a and b). Quantification of the final
PVA concentration in NP suspensions indicated that % PVA
removal was better in the smaller NP batches (Table 1).
Alternatively, washing of the NPs by centrifugation resulted in
a slight improvement in PVA removal, however the final NP
recovery was approximately 2 to 4-fold lower than TFF which

a b c
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Fig. 2 Nanoparticle physicochemical characterization after purification. (a—c) Nanoparticles physicochemical properties before and after purifi-
cation by centrifugation, 300 kD filter TFF, or 750 kD filter TFF were characterized using dynamic light scattering (DLS). Nanoparticle tracking ana-
lysis (NTA) of 100 mg batches post-purification with (d) centrifugation, (e) 300 kD filter TFF, (f) 750 kD filter TFF. Mean and mode diameter is dis-
played along with size standard deviation. (g) SEM images of 100 mg batch size NP using the various purification methods.
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Fig. 3 TFF PVA removal time-course. Quantified % PVA removal (black) and remaining PVA weight (blue) for (a) 50 mg and (b) 100 mg batches of

PLA—-PVA nanoparticles purified by TFF (300 kD and 750 kD filters).

Table 1 Purified NP yield and PVA removal. The concentration of the 50 mg NP batches was not determined (n.d.)

Sample Batch size (mg) % PVA removal % NP yield NP concentration (NPs per mL)
Centrifugation 50 99.9 £ 0.1 23.4+124 n.d.
100 99.3 + 0.5 17.2 £5.3 1.16 x10™° £3.23 x 1077
300 kD 50 95.2 + 0.8 48.9 + 14.8 n.d.
100 92.9 +3.4 74.9 +11.2 1.26x107° £1.19 x 1077
750 kD 50 96.5 + 1.1 59.3 +12.2 n.d.
100 87.6 £ 5.5 78.2 +10.7 1.30x107° £ 4.86 x 1077

achieved upwards of 78% recovery. To further validate overall
particle concentrations were similar after purification, final
suspensions for the 100 mg batches were normalized to 1 mg
mL~" NP and measured using nanoparticle tracking analysis
(NTA). NP concentration increased with increasing final NP
yield, meaning the minor excess in surfactant did not signifi-
cantly reduce actual NP concentrations (Table 1).

Evaluation of NP-macrophage cellular interactions

We next evaluated cellular interactions of these various NPs
with bone marrow-derived macrophages (BMDM). BMDMs
were treated with Cy5.5-labeled NPs from the three purification
conditions and NP-cellular association was measured at 3, 8,
and 24 hours using flow cytometry. 100 mg batch sizes were
chosen for this and subsequent studies due to their superior
NP yield and comparable surfactant removal. NP-cellular
association was determined by measuring live/Cy5.5-NP"
macrophage populations using the classical macrophage
surface markers CD11b and F4/80 (Fig. 4a). We additionally
analyzed the percentage of total live cells after 24 hours of NP
treatment. The 750 kD filter treatment group showed a slight
reduction in viability (<10% from control) (Fig. 4b). All NP con-
ditions showed a time-dependent cellular associations and
achieved nearly 100% cellular association after 24 hours;
however, 300 kD purified NPs demonstrated delayed uptake
compared to the other NPs (Fig. 4c). Additional median fluo-
rescence intensity (MFI) quantification of these cells, signify-
ing the amount of Cy5.5-NPs associated per cell, further indi-
cated that the 300 kD filter, along with the 750 kD filter, had
reduced NP association compared to centrifuge NPs (Fig. 4d).
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Given that we previously demonstrated PLA-PVA NPs puri-
fied through centrifugation possess inherent anti-inflamma-
tory properties, we investigated whether differences in cellular
association affects NP anti-inflammatory effects.'®** To assess
this, BMDM cells were first treated with the various NPs,
stimulated with the pro-inflammatory molecule lipopolysac-
charide (LPS), then IL-6 production was measured as a marker
of inflammation using ELISA. Centrifuged PLA-PVA NPs were
successfully able to prevent IL-6 secretion compared to the LPS
control, however, both NPs purified through TFF did not sig-
nificantly reduce inflammation (Fig. 4e). For this assay, NPs
were administered to cells for 3 hours prior to LPS stimulation.
Given the significant reduction in cellular uptake of TFF-puri-
fied NPs, particularly at earlier timepoints, the lack of IL-6 pre-
vention is likely explained by TFF-purified NPs hindered ability
to deliver sufficient amounts of intracellular lactic acid necess-
ary for macrophage modulation and pro-inflammatory cyto-
kine prevention.

In vivo organ distribution

Given the differences in BMDM cellular association in vitro, we
assessed organ biodistribution of these NPs. Mice were
injected intravenously (i.v.) with the Cy5.5-labeled PLA-PVA NP
variants. After 3 hours, organs and blood were isolated to
quantify NP biodistribution through Cy5.5 fluorescence. As
expected, distribution was most prevalent in the liver, with less
than 10% sequestering in the heart, lungs, spleen, and
kidneys (Fig. 5a and b). Interestingly, there were no significant
differences in organ distributions observed between the
different purified formulations despite the reduction of macro-
phage associated in vitro. To measure residual circulating NPs,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quantification of Cy5.5 fluorescence in whole blood indicated
that 750 kD filter purified samples had higher residual circu-
lating NPs compared to the other conditions (Fig. 5¢).

NP protein corona analysis

When NPs are introduced into complex biological matrices,
like blood, they rapidly adsorb biomolecules which transforms
the NP synthetic identity to a new biological one.*®*° This
coating, termed the protein corona, significantly influences
the cellular recognition and biodistribution of NPs.*>*! Due to
the potential increase in NP circulation times observed, we
sought to measure the protein corona of these NPs. To achieve
this, we coated the NPs with healthy human plasma and evalu-
ated differences in protein fingerprints between the different
purification methods (Fig. 6a). DLS analysis of these coated
NPs showed an increase in size, PDI, and altered zeta poten-
tial, all indicative of protein corona formation (Fig. 6b). The
corona-bound proteins were then eluted from the NPs and
analyzed using SDS-PAGE to observe differences (Fig. 6c).
Notably, NPs purified with the 750 kD filter displayed a
marked reduction in protein band density compared to the
other conditions. Further densitometry analysis confirmed
that proteins in the 50-75 kD range were significantly less
intense, along with a reduction in total protein content

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 6d). This reduction in protein adsorption by the 750 kD-
filtered NPs may be attributed to residual PVA surfactant,
which could hinder protein binding and potentially be associ-
ated with the increased fluorescence signal in the blood.

Discussion

Nanotechnology has emerged as a powerful tool in the devel-
opment and enhancement of therapeutic formulations.
Nanomedicines have shown promise in preventing and treat-
ing severe conditions such as cancer, cardiovascular diseases,
and immunological disorders.”? In particular, NPs offer sig-
nificant advantages for biological applications, both in vitro
and in vivo, due to their ability to improve the solubility, stabi-
lity, and controlled release of encapsulated drugs, while also
reducing toxicity.” Microfluidics-based generation of NPs has
gained popularity in recent years for its reproducibility, con-
trolled physical properties, and scalability compared to tra-
ditional bulk production methods.>® However, efficient purifi-
cation of NPs, particularly in terms of surfactant removal and
recovery, while maintaining physicochemical properties and
biological activity, remains a significant challenge in
nanotechnology.
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In this study, we synthesized PLA-PVA NPs using microflui-
dics and purified them through TFF, comparing the results to
conventional centrifugation in terms of physicochemical pro-
perties, macrophage interactions, anti-inflammatory effects,
biodistribution, and protein corona formation (Fig. 1). While
microfluidics provides precise control over physicochemical
properties, NP performance in vivo depends on characteristics
like size, polydispersity, and zeta potential, therefore, main-
taining these properties is crucial to retain therapeutic
efficacy.”” Our results show that NPs produced using microflui-
dics result in consistent size, PDI, and zeta potential yet this
consistency can be undermined by poor purification
procedures, like centrifugation (Fig. 2). Centrifugation is
widely used for NP purification, effectively removing excess
reactants like surfactants.*> However, it can significantly alter
NP size distributions and lead to irreversible aggregation.
Furthermore, centrifugation speed plays a crucial role, as
different NP sizes are pelleted at different speeds, which can
markedly change the characteristics of the final suspension.*®
For example, lower centrifugation speeds pellet larger NPs,
leaving smaller ones in suspension to be discarded. In con-
trast, TFF enables the purification of the entire NP suspension
without bias towards a specific NP size. While TFF has been
used for NP purification, its combination with microfluidics

142 | RSC Pharm., 2025, 2,135-146

has been less explored. Previous research demonstrated that
using 300 kD TFF filters for PLGA-PVA NPs, synthesized by
batch emulsification, was either inefficient or required pro-
longed run times for adequate surfactant removal.*”> In con-
trast, our study found that employing 300 kD and 750 kD
filters with higher transmembrane pressures (10-20 psi) effec-
tively removed 90-95% of PVA within 2 hours while maintain-
ing NP sizes and PDI (Fig. 3, Table 1).

It is well-known that the biological fate of NPs depends on
their interactions with blood cells and plasma biomolecules. Key
factors such as particle size, surface charge, morphology, and
surfactant presence play crucial roles in these interactions with
the biological milieu.***> We demonstrated that NPs purified by
TFF exhibited significantly reduced macrophage uptake in vitro
compared to centrifugation, which was particularly evident by
the drastic reduction in cellular MFI representing NP amount
per cell (Fig. 4c and d). NP uptake plays a pivotal role in their
inherent anti-inflammatory effects. Therefore, NPs purified by
centrifugation resulted in a significant reduction in IL-6 cytokine
secretions than those purified by TFF (Fig. 4e). This observation
aligns with previous findings that the anti-inflammatory poten-
tial of PLA-based NPs is driven by internalization and intracellu-
lar release of lactic acid, which subsequently inhibits NF-«xB and
p38 MAPK phosphorylation.'>*® Thus, variations in the purifi-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cation method were found to influence the bioactivity of the NPs
by modulating their uptake profiles, potentially by maintaining
residual surfactant coatings or preventing aggregation which is
associated with increased phagocytic uptake and clearance.
These results clearly demonstrate the need for extensive biologi-
cal evaluation of NP formulations to be performed when critical
process parameters are changed including method of NP fabrica-
tion and purification to ensure their desired activity is retained.
The reticuloendothelial system (RES), which primarily con-
sists of mononuclear phagocytic cells circulating in the blood-
stream and mature macrophages residing in the lungs, liver,
and spleen, is a significant barrier to sustained pharmacoki-
netics after intravenous administration. NP organ distribution
is primarily driven by size, where NPs larger than 200 nm tend
to accumulate in the liver and spleen.*> Our in vivo results
showed that, while overall NP organ distribution was
unaffected, NPs purified with a 750 kD TFF filter remained

© 2025 The Author(s). Published by the Royal Society of Chemistry

detectable in the blood after 3 hours (Fig. 5). Despite the
organ distribution being similar for all NP formulations, our
in vitro cell association studies suggest that differences may
arise on a cellular level as we have previously shown.*® Surface
modification of NPs with surfactants has been reported to
reduce interactions with blood components, thereby prolong-
ing NP circulation time and reducing RES clearance.*”*® These
differences in cellular uptake could be explained by the rela-
tively higher residual surfactant seen in TFF purified samples
preventing NP opsonization by blood components. To assess
this, we formed protein coronas on NPs using healthy human
plasma. Protein corona analysis revealed that 750 kD filter-pur-
ified NPs had significantly fewer adsorbed proteins in total
and particularly in the 50 kD to 75 kD size range (Fig. 6). This
size range in the coronas has primarily been associated with
serotransferrin, complement factor fragments, and albumin,
which could explain the significant differences in cellular
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association and blood clearance.*>*® However, in-depth mass
spectrometry studies are necessary to quantitatively identify
the precise NP corona compositions. Reduced NP opsonization
is often linked to prolonged circulation times, a phenomenon
researchers often strive to achieve by modifying the NP surface
with substances like poly(ethylene glycol) (PEG) to prevent
protein binding.>* Determining the mechanism by with 750
kD-purified NPs reduce protein corona formation could be
beneficial for future therapeutics.

While we have shown that PLA-PVA NPs can be efficiently
purified by TFF, the precise changes in their biological inter-
actions relative to centrifugation are still unknown and could be
influenced by residual surfactant. Additionally, future studies
should consider other types of polymers, surfactants, and excipi-
ents, evaluate the purification parameters, and the subsequent
biological interactions. Other filter sizes and surface areas could
be studied for the purification system to understand alterations
in surfactant removal based on these parameters. Along with the
many advantages of the microfluidics system, some disadvan-
tages are the limited solvent compatibility, chip clogging, and
volumetric throughput.®®> The system could be modified for
better NP formulation scale-up by incorporating TFF from the
microfluidic formulation. For this challenge, architectures
should be developed to streamline microfluidic synthesis
directly into TFF purification as a joint system.

Conclusion

In the present study, we formulated polymer-based PLA-PVA
NPs using a high-throughput microfluidic platform and evalu-
ated their purification through conventional centrifugation or
TFF. We tested two different TFF membrane molecular weight
cutoffs and two NP batch sizes to evaluate surfactant removal
and scale-up potential. Centrifugation led to NP aggregation,
increased size and PDI, low product recovery, but effective sur-
factant removal. In contrast, TFF purification preserved con-
sistent physicochemical properties, achieved comparable sur-
factant removal, and resulted in superior final product recov-
ery. While increasing the TFF filter MWCO did not signifi-
cantly affect yield or PVA removal, it extended NP blood con-
centration and reduced NP protein corona adsorption. Despite
these differences, overall in vivo organ distribution did not sig-
nificantly vary between purification methods. Our findings
highlight the advantages of integrating high-throughput
microfluidic NP synthesis with TFF purification, offering a
more effective approach for NP recovery and maintenance of
physicochemical properties. This integration can help enhance
reproducibility, development speed, scale-up, and translation
of future NP formulations.
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